Abstract: Thin-walled integrated flexible support structures are the major trend in the development of current rolling bearing technology. A thin-walled, integrated, squirrel-cage flexible support roller bearing, quasi-dynamic iterative finite element analysis (FEA) model is established in this paper. The FEA model is used to calculate the structural deformation of the thin-wall rings and support structures; the dynamic characteristics of the bearing are analyzed using the noncircular bearing modified quasi-dynamic model. The influence of the integrated flexible support structure on the internal load distribution and the dynamic characteristics of the roller bearing are analyzed. The results indicate that with the support of a flexible squirrel-cage, the maximum contact load is decreased by 14.2%, the loading region is enlarged by 25%, the cage slide ratio is reduced by 24%, and the fatigue life is increased by more than 50%. In addition, as the ring wall thickness increased, the results increasingly approached those under a rigid assumption.
Introduction
Advanced rolling bearing technology is one of the basic strategic industries and core technologies in high-speed systems and the aerospace field. The use of thin walls, lightweight structures, and component integration represent major trends in the development of advanced rolling bearing technologies [1] . As a main technological trend in the field of high-speed bearings, the integrated squirrel-cage flexible support roller bearing is a thin-wall bearing with a squirrel-cage structure connected to the outer ring and a hollow shaft assembled in the inner ring. In this type of structure, the hollow shaft, bearing ring, and squirrel-cage flexible support structures are all thin-walled, and, as a result, easily produce elastic structural deformations under load; this induces a change in the internal load distribution of the bearing, and leads to a significant influence on the characteristics of the bearing dynamics, which should not be neglected.
Based on the Hertz theoretical calculation model, Jones [2] built a static model and calculated the load distribution of rolling bearing. Subsequently, many researchers studied the behaviors of rolling bearings [2] [3] [4] [5] , however, most of their methods are built using the rigid structure hypothesis, considering the rings as constant geometry parts, and ignoring the elastic deformations of the structures under load. Thus, these rigid structure assumption models cannot fully meet the demands of the continued development of rolling bearings, because the structural deformation of thin-walled rings and flexible supports is much more pronounced. Thus, it is essential to carry out dynamic performance analyses of the integrated squirrel-cage flexible support bearing in the study of current high-end bearing usage.
Model Design

Modified Noncircular Rolling Bearing Quasi-Dynamic Model
Quasi-dynamic analysis is an accurate bearing analysis method, because it comprehensively considers the microscopic contact and the rheological characteristics of the lubricant. Quasi-dynamic analysis can accurately calculate the dynamic characteristics of a rigid rolling bearing, but is not suited for a flexible bearing, of which the raceways would be noncircular following structural deformation; thus, a modified quasi-dynamic model for noncircular rolling bearings is needed. Figure 1 shows a sketch of the force of roller bearing. Cutting the roller into slices, the k-th slice of the j-th roller experiences contact forces Q 1jk and Q 2jk , and drags forces T 1jk and T 2jk from the inner and outer raceways through oil films, normal force F cj and tangential force f cj from the cage, and oil-gas mixture frictional force F gj , as well as its own inertial force, F zj , and inertia moment M xj due to rolling. Q of the rolling object and the noncircular raceway can be obtained, as expressed in Equation (1) . k C is the correction of the roller radius, considering the Roller Profile Modification and chamfer [16] . In addition, the roller balance equation can be established as Equation (2) . The lubricant parameters in the model are calculated using the Hertz contact theory, the Dowson-Higginson formula [17] , and the five-parameter rheological model [18] . The five-parameter rheological model has been experimentally verified and contains the viscosity-pressure property and the viscosity-temperature property of the oil. According to the Hertz theory, forces Q 1jk and Q 2jk between the roller slice and the raceways can be obtained from contact approaches δ 1jk and δ 2jk of the slice and raceways, respectively. When the ring deforms, the raceway becomes a nonideal cylindrical surface. The deviations of the k-th slice of the j-th roller at the local surface from the ideal cylindrical surface can be expressed as δ 1jkh and δ 2jkh . These two deviations can be superimposed with approaches δ 1jk and δ 2jk , based on the small deformation assumption. By further considering oil film thickness h 1jk and h 2jk at the contact area, the actual contact approaches, δ 1jk and δ 2jk , between the roller slice and the noncircular raceway can be obtained. Thus, contact loads Q 1jk and Q 2jk of the rolling object and the noncircular raceway can be obtained, as expressed in Equation (1) . C k is the correction of the roller radius, considering the Roller Profile Modification and chamfer [16] . In addition, the roller balance equation can be established as Equation (2) . The lubricant parameters in the model are calculated using the Hertz contact theory, the Dowson-Higginson formula [17] , and the five-parameter rheological model [18] . The five-parameter rheological model has been experimentally verified and contains the viscosity-pressure property and the viscosity-temperature property of the oil.
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The proposed model can be used to accurately analyze the load distribution and dynamic characteristics of the deformed bearing by taking into consideration the influence of the noncircular raceway following structural deformation, and also the microscopic contact and the rheological lubricant properties in the bearing. By setting the values of δ 1jkh and δ 2jkh as zero, this model can also analyze load distribution without structural deformations, which can be the initial values of finite element analysis.
Finite Element Analysis of Integrated Squirrel-Cage Structural Deformation
An integrated squirrel-cage flexible support roller bearing includes a roller bearing, a hollow shaft, and a squirrel-cage support structure, and all components are thin-walled, as shown in Figure 2a . The shaft is assembled in the inner ring. The outer ring and the squirrel-cage structure are one integrated component, which means the outer ring is a part of the squirrel-cage structure, and the outer raceway is manufactured on the internal surface of the cylinder of the squirrel-cage structure. A finite element model containing a thin-walled hollow shaft, an inner bearing ring, and an outer ring-squirrel-cage support structure was constructed in ANSYS.
Boolean operation of the assembly was conducted in order to ensure satisfaction of the hexahedral meshing conditions, and three-dimensional object element meshing is achieved with SOLID45 elements. The mesh size has a great influence on the accuracy of the calculation [19] . The dimensions of contact areas are on the micrometer scale and the overall dimension of the bearing is in the millimeter scale. Thus, after meshing the whole assembly, the contact lines on the inner and outer raceway is re-mashed twice with smaller mesh sizes, so it is more accurate in imposing a load, as shown in Figure 2b .
To accurately reflect the relationship between the inner ring and the shaft, contact pairs are placed between the inner surface of the inner ring and the outer surface of the shaft, and between the side of the inner ring and the shaft shoulder. The contact method is surface-to-surface, and the friction coefficient is 0.1 [13] . The outer ring and the squirrel-cage structure are one integrated component, thus there is no contact pair. Designating the inner surface and the side surface of the inner ring as the contacting surface and the corresponding shaft outer surface and shaft shoulder as the target surface, respectively, the mutual contacting portion is described by TARGE170 and CONTA174 surface-surface contact elements. Targe170 is used to represent various 3-D "target" surfaces for the associated contact elements, and CONTA174 is used to represent contact and sliding between 3-D "target" surfaces and a deformable surface defined by this element. The contact loads on the raceway from the rollers are calculated using the modified quasi-dynamic model, and the calculated loads are added to the contact line in the FEA model, as shown in Figure 2c ,d. The squirrel-cage base surface is restricted to zero degrees of freedom. The shaft's two end faces are restricted to zero degrees of freedom, and the inner ring is restricted on the shaft by contact pairs. There are no other constraints in this model, thus, it can deform under forces. Solving the model, the flexure and torsion deformations of the squirrel-cage structure and the thin-walled ring, as well as the resultant internal stress due to structural deformation, can be analyzed. In addition, the values of δ 1jkh and δ 2jkh in the modified quasi-dynamic model are obtained.
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The contact loads on the raceway from the rollers are calculated using the modified quasidynamic model, and the calculated loads are added to the contact line in the FEA model, as shown in Figure 2c ,d. The squirrel-cage base surface is restricted to zero degrees of freedom. The shaft's two end faces are restricted to zero degrees of freedom, and the inner ring is restricted on the shaft by contact pairs. There are no other constraints in this model, thus, it can deform under forces. Solving the model, the flexure and torsion deformations of the squirrel-cage structure and the thin-walled ring, as well as the resultant internal stress due to structural deformation, can be analyzed. In addition, the values of 1 δ jkh and 2 δ jkh in the modified quasi-dynamic model are obtained. 
Iterative Quasi-Dynamic FEA Model
The initial values of internal bearing loads Q 1jk and Q 2jk are calculated using the modified quasi-dynamic model of noncircular bearing under the assumption of rigidity; the values of δ 1jkh and δ 2jkh are set as zero. These loads are inserted into the FEA model in order to calculate the local offset of each of the slice/raceway contact points (δ 1jkh and δ 2jkh ). These offsets are substituted into the modified noncircular quasi-dynamic model via Equation (1) in order to recalculate raceway loads Q 1jk and Q 2jk , and they are then inserted into the finite element model once again. These steps are repeated until the load values satisfy the convergence precision.
The quasi-dynamic iterative FEA model analysis flow is shown in Figure 3 . When the results converge, the load distribution of the bearing, with consideration to the structural deformation of the integrated squirrel-cage flexible support, can be obtained. Furthermore, the dynamic characteristics of the bearing, and the stiffness of the entire structure, including squirrel-cage stiffness and the deformed bearing stiffness, can be obtained. The fatigue life can be calculated by the Harris improved Lundberg-Palmgren (L-P) theory. The Harris improved L-P theory is based on the L-P theory and contains the load distribution and lubrication of the bearing [2] . 
Results and Discussion
An integrated squirrel-cage support roller bearing is used as an example to analyze the influence of structural deformation on the load distribution, dynamic behavior, and fatigue life of the bearing. The parameters of the bearing are given in Tables 1-3 , and the numerical values of the analysis results depend on the geometry of the bearing. 
The temperature of the components can influence the rheological behavior of the oil and the internal clearance of the bearing; thus, it is necessary to consider the temperature of each of the bearing components. Additionally, the FEA model is built with dimensions after heat expansion.
Consideration the influence of structural deformations, the abovementioned quasi-dynamic iterative FEA model is used to calculate the load distribution of the bearing. The FEA model has 1.3 million elements, and the mesh size on the contact areas of raceway is 0.11 mm, while that of the bearing body is 0.8 mm. A computer with two CPU (Central Processing Unit) (Intel Xeon E5-2650, octa-core, 2.00 GHz, Intel Corporation, Santa Clara, CA, USA) and 64 GB Random-Access Memory (RAM) was used to simulate this model. 20 minutes were needed to preprocess the model, and, during each iteration, 10 to 15 minutes were needed to solve. The quasi-dynamic model is built using MATLAB (MATLAB R2013b, MathWorks Corporation, Natick, MA, USA), and, during each iteration, two minutes were required to solve. After 73 iterations, the load distribution reached convergence. Figure 4 shows the deformation of the structure, and the equivalent radious R 1 , R 2 of the raceways are calculated and depicted in Figure 5 . The maximum radial deviation between the equivalent radius and the original radius is 0.01428 mm.
Component Elastic Modulus (E)/GPa
Poisson Ratio (υ) Density (ρ)/kg/m 3 The temperature of the components can influence the rheological behavior of the oil and the internal clearance of the bearing; thus, it is necessary to consider the temperature of each of the bearing components. Additionally, the FEA model is built with dimensions after heat expansion.
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Consideration the influence of structural deformations, the abovementioned quasi-dynamic iterative FEA model is used to calculate the load distribution of the bearing. The FEA model has 1.3 million elements, and the mesh size on the contact areas of raceway is 0.11 mm, while that of the bearing body is 0.8 mm. A computer with two CPU (Central Processing Unit) (Intel Xeon E5-2650, octa-core, 2.00 GHz, Intel Corporation, Santa Clara, CA, USA) and 64 GB Random-Access Memory (RAM) was used to simulate this model. 20 minutes were needed to preprocess the model, and, during each iteration, 10 to 15 minutes were needed to solve. The quasi-dynamic model is built using MATLAB (MATLAB R2013b, MathWorks Corporation, Natick, MA, USA), and, during each iteration, two minutes were required to solve. After 73 iterations, the load distribution reached convergence. Figure 4 shows the deformation of the structure, and the equivalent radious The calculated results are compared to those based on the rigidity assumption, without consideration of the influence of the structural deformation. The load distribution of the bearing is shown in Figure 6 . The calculated results are compared to those based on the rigidity assumption, without consideration of the influence of the structural deformation. The load distribution of the bearing is shown in Figure 6 .
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The calculated results are compared to those based on the rigidity assumption, without consideration of the influence of the structural deformation. The load distribution of the bearing is shown in Figure 6 . It can be seen from the above results that, compared to the results calculated under the rigid support assumption, the maximum roller/raceway load decreased to 3035 N from 3537 N due to the influence of the deformation of the flexible squirrel-cage support structure, representing a decrease of 14.2%. Moreover, the internal bearing load is distributed more evenly. The number of loaded rollers decreased to 9 from 11, so the loading range is enlarged to 120° (−60°~60°) from 96° (−48°~48°), representing an increase of 25%.
Because bearing sliding is strongly dependent on the roller/raceway load, the change in the load distribution alters the bearing slide ratio. Compared to the rigid support, the bearing cage slide ratio under the flexible support decreased from 6.28% to 4.77%, representing a decrease of 24.05%. Figure 7 shows the slide ratio distribution of each roller. It can be seen from the above results that, compared to the results calculated under the rigid support assumption, the maximum roller/raceway load decreased to 3035 N from 3537 N due to the influence of the deformation of the flexible squirrel-cage support structure, representing a decrease of 14.2%. Moreover, the internal bearing load is distributed more evenly. The number of loaded rollers decreased to 9 from 11, so the loading range is enlarged to 120
Because bearing sliding is strongly dependent on the roller/raceway load, the change in the load distribution alters the bearing slide ratio. Compared to the rigid support, the bearing cage slide ratio under the flexible support decreased from 6.28% to 4.77%, representing a decrease of 24.05%. Figure 7 shows the slide ratio distribution of each roller. Figure 8 shows the changes observed for the bearing cage slide ratio due to variations in the rotational speed. As the rotational speed increased, the cage sliding decreased by a greater percentage. Figure 8 shows the changes observed for the bearing cage slide ratio due to variations in the rotational speed. As the rotational speed increased, the cage sliding decreased by a greater percentage. Figure 8 shows the changes observed for the bearing cage slide ratio due to variations in the rotational speed. As the rotational speed increased, the cage sliding decreased by a greater percentage. Figure 9 shows the influence of the change in thickness of the outer ring on the load distribution of the bearing. As the outer ring increases in thickness, the load distribution more closely approached the calculation result obtained under the rigid assumption; conversely, as the outer ring became thinner, the influence of structural deformation increased significantly. Figure 10 shows the cage slide ratio due to different ring thicknesses. It can be seen that under the rigid assumption, the ring wall thickness does not influence the cage sliding. After considering Figure 9 shows the influence of the change in thickness of the outer ring on the load distribution of the bearing. As the outer ring increases in thickness, the load distribution more closely approached the calculation result obtained under the rigid assumption; conversely, as the outer ring became thinner, the influence of structural deformation increased significantly. Figure 8 shows the changes observed for the bearing cage slide ratio due to variations in the rotational speed. As the rotational speed increased, the cage sliding decreased by a greater percentage. Figure 9 shows the influence of the change in thickness of the outer ring on the load distribution of the bearing. As the outer ring increases in thickness, the load distribution more closely approached the calculation result obtained under the rigid assumption; conversely, as the outer ring became thinner, the influence of structural deformation increased significantly. Figure 10 shows the cage slide ratio due to different ring thicknesses. It can be seen that under the rigid assumption, the ring wall thickness does not influence the cage sliding. After considering Figure 9 . Influence of ring thickness on load distribution. Figure 10 shows the cage slide ratio due to different ring thicknesses. It can be seen that under the rigid assumption, the ring wall thickness does not influence the cage sliding. After considering the deformation of the structure, the cage slide ratio decreased by 8.3%~47.2%; in addition, as the ring wall thickness decreased, the cage slide ratio was reduced.
Appl. Sci. 2016, 6, 415 10 of 12 the deformation of the structure, the cage slide ratio decreased by 8.3%~47.2%; in addition, as the ring wall thickness decreased, the cage slide ratio was reduced. Figure 11 shows the bearing fatigue life. It can be seen that under the rigid assumption, the ring thickness does not influence fatigue life. After considering the structural deformation, the fatigue life increased by 33.8%~76.4%; in addition, as the ring thickness increased, the fatigue life was reduced, increasingly approaching that under the rigid assumption. Figure 11 shows the bearing fatigue life. It can be seen that under the rigid assumption, the ring thickness does not influence fatigue life. After considering the structural deformation, the fatigue life increased by 33.8%~76.4%; in addition, as the ring thickness increased, the fatigue life was reduced, increasingly approaching that under the rigid assumption. Figure 10 . Influence of ring thickness on cage sliding. Figure 11 shows the bearing fatigue life. It can be seen that under the rigid assumption, the ring thickness does not influence fatigue life. After considering the structural deformation, the fatigue life increased by 33.8%~76.4%; in addition, as the ring thickness increased, the fatigue life was reduced, increasingly approaching that under the rigid assumption. Figure 12 shows the radial stiffness. When the influence of the deformation of the structure is considered, the stiffness of the bearing is decreased because the bearing stiffness depends on the contact mechanics of the rollers and the raceways, which change following structural deformation.
The stiffness of the squirrel-cage is only 8.3%~32.7% that of the bearing, reducing the stiffness of the entire structure by an order of magnitude compared to that under the rigid assumption. In addition, as the ring wall thickness increased, the stiffness approached that under the rigid assumption. Figure 12 shows the radial stiffness. When the influence of the deformation of the structure is considered, the stiffness of the bearing is decreased because the bearing stiffness depends on the contact mechanics of the rollers and the raceways, which change following structural deformation.
The stiffness of the squirrel-cage is only 8.3%~32.7% that of the bearing, reducing the stiffness of the entire structure by an order of magnitude compared to that under the rigid assumption. In addition, as the ring wall thickness increased, the stiffness approached that under the rigid assumption. Figure 11 shows the bearing fatigue life. It can be seen that under the rigid assumption, the ring thickness does not influence fatigue life. After considering the structural deformation, the fatigue life increased by 33.8%~76.4%; in addition, as the ring thickness increased, the fatigue life was reduced, increasingly approaching that under the rigid assumption. Figure 12 shows the radial stiffness. When the influence of the deformation of the structure is considered, the stiffness of the bearing is decreased because the bearing stiffness depends on the contact mechanics of the rollers and the raceways, which change following structural deformation.
The stiffness of the squirrel-cage is only 8.3%~32.7% that of the bearing, reducing the stiffness of the entire structure by an order of magnitude compared to that under the rigid assumption. In addition, as the ring wall thickness increased, the stiffness approached that under the rigid assumption. 
Conclusions
(1) In this paper, an integrated squirrel-cage flexible support roller bearing quasi-dynamic iterative finite element analysis (FEA) model is established. The influence of deformed raceways is added to the bearing quasi-dynamic model, from which a noncircular raceway roller bearing quasi-dynamic-modified model is obtained. The modified model is coupled with a finite element model, which can calculate the elastic deformation of the squirrel-cage and the rings.
(2) Analyses of an integrated squirrel-cage flexible support roller bearing indicate that the squirrel-cage support structure can effectively reduce the maximum contact load between the rollers and raceways, and can load more rollers, thereby distributing the load more evenly and prolonging fatigue life.
(3) The proposed model is used to analyze the influence of ring thickness on the dynamic performance of the bearing. The results indicate that, the thicker the ring wall is, the closer the load distribution is to the calculation results obtained under the rigid assumption; in contrast, as the ring wall becomes thinner, the influence of the structural deformation becomes increasingly significant.
(4) The integrated squirrel support structure significantly reduces stiffness; thus, when used in a high-speed shaft system, the loading performance of the bearing and the impact on the overall stiffness of the integrated squirrel-cage support structure must also be comprehensively considered.
